Introduction
[2] Despite early observations of the prominent influence of sea swell on iceberg, ice-shelf and ice-tongue flexure [Holdsworth and Glynn, 1978; Williams and Robinson, 1979; Wadhams et al., 1983] , there have been few systematic field measurements or theoretical studies of the effects of gravity waves on ice shelves until very recently [Sergienko et al., 2008; MacAyeal et al., 2009] . Ocean gravity waves can potentially affect ice shelf stability in several ways: by opening crevasses, reducing ice integrity through fracturing, and by initiating a collapse event. A recent field measurement advance stems from the deployment of a broadband seismometer on the Ross Ice Shelf during 2004-2006 at a site called 'Nascent Iceberg' (Figure 1b, station RIS2) . Initial study of these data [Okal and MacAyeal, 2006; MacAyeal et al., 2006; Cathles et al., 2009] showed that the ice shelf is continually flexed by ocean swell (<30 s period) originating primarily under far-field Pacific storms. Analyses of these seismometer data presented here show that even more significant mechanical impacts on the Ross Ice Shelf result from another type of surface gravity waveinfragravity (IG) waves with periods from about 250 to 50 s (0.004 to 0.02 Hz), primarily generated by nonlinear-wave interactions along coastlines [Longuet-Higgins and Stewart, 1962; Herbers et al., 1994 Herbers et al., , 1995a Herbers et al., , 1995b .
IG Wave and Swell Observations on the Ross Ice Shelf: Comparative Amplitudes and Source Regions
[3] Some of the IG wave energy generated along coastlines leaks off continental shelves and becomes free waves. The free IG waves propagate dispersively in deep water, causing a large time lag between lower and higher frequency waves when travelling from the West Coast to Antarctica. When gravity waves propagate from deep to shallow water, shoaling causes their amplitude to increase. Because IG wave wavelengths are much longer than swell, IG amplitudes will be enhanced relatively more than swell amplitudes by shoaling at the front of the Ross Ice Shelf (water depth 600 m). Refraction of IG waves on the Antarctic continental shelf also likely affects IG wave amplitudes at the ice front, focusing and defocusing depending on local bathymetry.
[4] IG waves impacting the West Antarctica coast cause flexure of the Ross Ice Shelf. The ice shelf response to IG wave forcing can be seen in difference spectrograms (where the mean spectrum is removed from the raw spectra) from on-ice seismic station RIS2 during the 2005/6 austral summer (December through April, Figure 1 ). Swell and IG wave arrivals are identified in the spectrograms by vertical and upward slanting positive-anomaly bands. Because lowerfrequency waves travel faster (i.e., according to the deepwater gravity wave dispersion relation), the slope of each slanting band gives an estimate of the distance to the generation region, with shallower slopes indicating longer propagation paths. Vertical bands denote local-to-regional wave events. Most of the very long period swell (from about 30 s to 18 s, 0.03 to 0.07 Hz) and IG-wave energy (at frequencies <0.02 Hz) reaching the Ross Ice Shelf during the austral summer is strongly dispersed (Figures 1a and 1c) , indicating a North Pacific source location.
[5] The Ross Ice Shelf is impacted by multiple gravity wave arrivals throughout the austral summer, with characteristic high-amplitude events described below. Counterclockwise cyclonic winds along the trailing edge of the mid-Pacific storms force swell directly toward Antarctica, which occurs for waves from a storm on February 4, 2005 (track c in Figure 1b) . Waves from another storm were concurrently impinging the West Coast of North America. The right-front quadrant winds of the mid-Pacific storm and the storm's propagation direction additionally force waves toward the Gulf of Alaska, reaching the coast on February 6 (track b, also see Text S1, section S1).
1 Swell from each of these storms is subsequently transformed to IG waves when their eastward propagating waves reach the West Coast. A portion of the coastal IG wave energy leaks off the continental shelf and follows great circle paths (tracks a and b, respectively) to the Ross Ice Shelf (N, Figure 1b ). Forward modeling of swell and IG wave propagation from assumed source locations (solid dots, Figure 1b) to the Nascent seismometer using the gravity wave dispersion relation gives the associated dispersion curves in Figure 1c (black lines), in good agreement with the underlying spectral energy trends.
[6] In addition to North Pacific IG wave arrivals, the circum-Antarctic ocean is also a source of swell energy that reaches the Ross Ice Shelf. Bound waves associated with swell groups force locally generated IG-wave band energy when the swell groups propagate into shallow continentalshelf water [Longuet-Higgins and Stewart, 1962; Herbers et al., 1994 Herbers et al., , 1995a Herbers et al., , 1995b . Locally generated IG-wave energy is identified in the data on February 17, 2005, evidenced by the extension of energy along the steep dispersion trend for that event to lower IG wave frequencies ( Figure 1c , dashed trend d). Locally forced IG waves associated with strong regional storms apparently also occur on January 4, February 9, and March 15, indicating that swellgroup induced local IG-wave excitation is not rare and may also affect ice shelf integrity over time.
[7] IG waves have much longer wavelengths than swell (on the order of 20 km vs. less than 1 km in the 600 m water depth at the front of the Ross Ice shelf) and span a much larger bandwidth, causing the mechanical effect on the ice shelf to be larger for low-frequency IG waves than for higher frequency swell. This expectation is confirmed by comparison of root mean square (rms) displacement amplitudes (Figure 2a) : the magnitude of IG-wave band motion is in the centimeter range (rms), whereas that of the swell band is in the millimeter range. During the austral summer, when sea ice is at a minimum, rms amplitudes of IG waves are about a factor of 3 greater than swell, but this factor increases to about 15 when sea ice is present. This shows that the impact of the much longer period IG waves on ice shelves is not greatly affected by sea ice, but swell is significantly damped. The year-round flexing of the Ross Ice Shelf by IG waves underscores their potential long-term impact on ice shelf integrity, unlike tsunamis that are much less frequent and generally of shorter duration.
[8] An additional demonstration of the greater impact of IG waves on the Ross Ice Shelf is provided by comparison of spectral levels on the Ross Ice Shelf (RIS2) with those at Antarctic land-based seismic stations (Figure 2b ). Mean amplitudes recorded by the land-based seismic stations at Scott Base and Palmer Station (SBA and PMSA, 'S' and 'P' in Figure 1b , respectively) vary within a relatively narrow amplitude range across the swell (0.03 to 0.085 Hz) and IGwave (0.004 to 0.02 Hz) frequency bands, with amplitudes similar to those observed globally. The difference between SBA and RIS2, however, illustrates the great sensitivity of the ice-shelf response to IG-wave forcing. RIS2 levels are more than 3 orders of magnitude greater than those of SBA and PMSA at 100-s period (0.01 Hz).
[9] IG-wave variability along the West Coast of North America that forces the Earth's 'hum' during winter months is well correlated with wave model significant wave height (H s , the average of the highest 1/3 of the waves) north of Cape Mendocino [Bromirski and Gerstoft, 2009] . This relationship is used to confirm the West Coast-Ross Ice Shelf connection. The leading, ''mode 1'' principal component of wave model H s along the West Coast (Figure 2c ) was correlated with a representative IG-wave time series derived from the Ross Ice Shelf data (Figure 2a) . Because IG waves in the generation region are not dispersed, the RIS2 spectral data must first be corrected for frequencydependent dispersion to appropriately test their similarity. Although multiple IG-wave generation locations along the West Coast clearly occur (Figure 1a (Figure 2a ) that sea ice has minimal effect on free IG-wave propagation near the Antarctic coast, and that transoceanic IG waves induce mechanical stresses on the Ross Ice Shelf throughout the year.
[10] That dispersed IG-wave arrivals are observed at SBA (Figure 2d , at frequencies <0.03 Hz) suggests that free IG waves impacting distant coasts may contribute to the Earth's 'hum' [Rhie and Romanowicz, 2006] . However, these dispersed IG arrivals could not be identified at other Antarctica seismic stations (see Text S2), suggesting that (1) these signals are not hum Rayleigh waves, (2) the hum signal strength was too low to be observed at more distant individual stations, or (3) that these signals result from conversion of IG-wave induced perturbation stresses propagating through the ice shelf to seismic elastic body waves inland from the grounding zone. If this last possibility applies, these phases could be useful for detecting changes in ice shelf integrity.
[11] Note that the North Pacific dispersed swell and IG wave induced signals are observed at their respective gravity wave frequencies, but the typically much higher amplitude associated double-frequency signals [LonguetHiggins, 1950] are not observed (Figures 1a, 1c , and 2d-2f). Narrow-band dispersed austral swell arrivals along the Oregon coast also produced no double-frequency signals [Bromirski and Duennebier, 2002] . These observations indicate either an absence of opposing wave energy for these arrivals due to dissipation from sea floor interaction, or that the area of wave-wave interaction is small. Hum Raleigh waves are generated by the wave-wave mechanism [Webb, 2008] . To produce hum that has the pattern of the low-amplitude dispersed IG wave-induced signals at SBA requires their transformation to lower frequencies. However, wave steepness of the incident IG wave arrivals is likely too low for significant transformation to lower frequencies to occur. Additionally, damping by sea ice during the austral winter would also likely reduce any nonlinearity of incident IG waves, making the necessary wave-wave interactions less likely. Consequently, because of these factors and because similar amplitude dispersed IG wave-induced signals are observed at SBA during both the austral winter and the austral summer (Figures 2f and 2e) , these signals are most likely not hum.
Ice-Shelf Flexure Modeling
[12] To estimate effects of IG waves on the ice-shelf stress regime we have developed a 2-dimensional, vertical cross-section finite-element model with idealized, constantthickness geometry (O. V. Sergienko, manuscript in preparation, 2009 ). The ocean is treated as an incompressible, inviscid fluid where motion is described by a velocity potential. Flexure of the ice shelf is governed by the momentum equation with Hook's law as a constitutive relationship with parameters selected for ice. Coupling of wave energy to the ice-shelf is simulated by representing the wave-induced normal stresses at the water/ice interfaces.
[13] Model simulations were performed for two idealized geometries to estimate the flexural stresses produced at the surface of two idealized ice shelves (Figure 3c ). These stresses are deviations from the steady-state flexural stresses caused by the hydrostatic pressure-induced bending moment at the ice-shelf front. The magnitude of the wave induced stresses is $5% of the steady-state values. The wave-induced stresses have a complex spatial distribution through the ice-shelf thickness with maximum amplitude achieved at both surfaces -top and bottom -locations where crevasses develop.
Discussion: IG-Waves as Ice-Shelf Collapse Triggers?
[14] The mechanisms producing explosive ice-shelf collapse events of the Antarctic (e.g., Larsen B in 2002 , Wilkins in 2008 remain only partially identified, because the time scale of collapse is simply too short (hours to days) to allow sufficient satellite passes to observe the process in flagrante (http://nsidx.org/news/press/Larsen_b/2002.html; and http://nsidc.org/news/press/20080325_Wilkins.html). Leading theories suggest that abundant free surface water (e.g., in ponds that fill surface depressions and crevasses) fills pre-existing crevasses, constituting the principle enabling condition for collapse [Scambos et al., 2000 [Scambos et al., , 2009 . The mechanisms that produce the pre-existing crevasses and that provide the proximal trigger for the collapse remain unknown. We propose here that southbound travelling IG waves produced by storms in the far field (i.e., located remote from Antarctica) may be a key mechanical agent that contributes to the production and/or expansion of the preexisting crevasse fields on ice shelves, and that the IG waves thus provide the trigger necessary to initiate the collapse process. Figure 3a) , and model H s near the Wilkins Ice Shelf (WW3 66S, red; magenta dot in Figure 3a denotes the center location of a 5-grid node average). Time periods associated with Wilkins-Ice-Shelf breakup events (shaded gray) correspond with periods of heightened wave amplitude estimated by the wave model data. (c) Calculated stresses at the iceshelf surface (where crevasses initiate) induced by a 30 cm amplitude, 175 s period IG wave impacting uniformly thick floating ice slabs that idealize the regional ice-front conditions of the Wilkins Ice Shelf (100 m ice thickness, 300 m water depth) and the Ross Ice Shelf (300 m ice thickness, 600 m water depth). A star denotes the equivalent location of the RIS2 seismometer relative to the ice front of the idealized ice shelf. The amplitude of the IG wave was chosen so modeled displacements matched the measured RIS2 surface displacement at this distance from the front (Figure 2a ).
[15] Support for this hypothesis is provided by four considerations. First, these observations demonstrated that, because of sea ice damping, sea-swell energy is less likely than IG-wave energy to couple to crevasse-producing/ expanding flexure stresses in the ice shelf. Second, the available satellite observations of the March 2002 Larsen B event and the February 29, 2008, Wilkins Ice Shelf event show that they started in calm weather, suggesting that the trigger was non local, e.g., an incoming IG-wave group. Third, the austral-winter collapse episodes of the Wilkins Ice Shelf (i.e., in May and June/July of 2008) rule out the possibility that a slow increase of surface meltwater-load provided the immediate trigger. Fourth, there is indirect evidence that IG-wave radiation to Antarctica from source regions along the South American coast may have played an integral role in the May-July, 2008 collapse of the Wilkins Ice Shelf ('W' in Figure 1b , propagation path solid white).
[16] Wave model H s variability along the southern Patagonia coast (Figure 3a , Animation S1) gives an estimate of IG-wave generation [Bromirski and Gerstoft, 2009 ] in a source region that would subsequently impact the Wilkins Ice Shelf. IG-wave propagation time from Patagonia to Wilkins is <12 hr; thus, correspondence of IG-wave amplitude peaks associated with mode-1 H s variability along the Patagonian coast (Figure 3b ) with the times of major breakup episodes is a compelling reason to consider IGwave excitation as a factor in the ice-shelf breakup process. IG waves forced by local swell groups (Figure 3b , red) could also have contributed to the breakups. Although these associations of wave model H s with the Wilkins breakup are not conclusive, it is clear that further observations are justified to better characterize the amplitude, temporal variability, and potential source areas of IG waves, in conjunction with glaciological modeling of ice-shelf wave interaction, to understand their impact on ice-shelf integrity.
